Abstract-Theoretical and experimental results of a wide-band planar antenna are presented. This antenna can achieve a wide bandwidth, low cross-polarization levels, and low backward radiation levels. For wide bandwidth and easy integration with active circuits, it uses aperture-coupled stacked square patches. The coupling aperture is an H-shaped aperture. Based on the finite-difference time-domain method, a parametric study of the input impedance of the antenna is presented, and effects of each parameter on the antenna impedance are illustrated. One antenna is also designed, fabricated, and measured. The measured return loss exhibits an impedance bandwidth of 21.7%. The cross-polarization levels in both and planes are better than 23 dB. The front-to-back ratio of the antenna radiation pattern is better than 22 dB. Both theoretical and experimental results of parameters and radiation patterns are presented and discussed.
I. INTRODUCTION

D
UE TO its many advantages, such as low profile, light weight, low cost, conformability, ease of fabrication, and integration with RF devices, the microstrip antenna has been widely applied in mobile communications systems, Global Positioning Systems, and various radar systems [1] - [7] . Probably the most serious limitation of this technology is the narrow bandwidth of the basic element, which is usually around a few percent. During the past years, many methods have been proposed to enhance its bandwidth, such as adding an impedance matching network, using stacked patches, using edge-coupled parasitic patches, or using lossy materials [1] - [4] .
Compared with other classical edge-fed or probe-fed microstrip antennas, the aperture-coupled microstrip antenna, first proposed by Pozar [8] , has many advantages, which include the isolation between the antenna and the feed circuit, the elimination of probe reactance, possible optimization of both the antenna and the feed circuit performances, and easy integration into arrays and with active circuits. The aperture-coupled microstrip antenna in [8] has a narrow bandwidth. It is shown in [9] and [10] that the poor bandwidth can be improved by coupling the resonant patch to the aperture near its resonance. L.-W. Li is with the Department of Electrical and Computer Engineering, National University of Singapore, 119260 Singapore, and High Performance Computation for Engineered Systems, Singapore-MIT Alliance, 119260 Singapore (e-mail: elelilw@nus.edu.sg).
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Publisher Item Identifier S 0018-9545(02)00435-8. In this case, although the bandwidth is enhanced to a greater extent, this technique introduces a quite high backward radiation level due to the proximity of the resonance of the aperture that radiates on both sides of the ground plane. This problem is overcome in [11] and [12] by choosing the resonance of the aperture as far away from the operating band of the antenna as possible, so that its radiation level is small and the bandwidth is broadened by using stacked patches. Another way to reduce the backward radiation levels is to add a second ground plane under the feed circuit; however, this method will lead to a bulky structure [13] . The modification of the aperture shape can lead to an improved coupling level for the antenna. The results for the antenna have been presented in [14] and [15] , in which the antennas use the single-layer patch as the radiating element and thus have narrow bandwidth. In this paper, a novel wide-band microstrip antenna as shown in Fig. 1 is studied. It uses the aperture-coupled stacked square patches with a nonresonant H-shaped aperture, and is different from antennas in [11] and [12] (i.e., stacked patches with a rectangular aperture) and those in [14] and [15] (i.e., singlelayer patch with an H-shaped aperture). An air layer realized by using a foam substrate or air spacers separates two radiating patches. In this case, the thickness of this air layer can be tuned to further optimize antenna performances. In addition, a radome above the upper patch is used here for environmental protection in practical applications. The theoretical analysis is based 0018-9545/02$17.00 © 2002 IEEE on the finite-difference time-domain (FDTD) method. First, the antenna configuration is described. A parametric study on the input impedance of the antenna is then presented. Based on the results, an antenna is designed, fabricated, and measured. Both theoretical and experimental results of parameters and radiation patterns are presented and discussed.
II. DESCRIPTION OF ANTENNA CONFIGURATION AND MODELING A. Antenna Configuration Fig. 1 shows the configuration of the wide-band aperturecoupled microstrip antenna. The antenna consists of three dielectric substrate layers 1, 2, and 3 and one air layer. The upper square patch having a length of is put on the back of substrate 1. Since the upper square patch is inverted, substrate 1 also acts as the radome for environmental protection. Substrate 1 has a permittivity of and a thickness of . The lower square patch having a length of is put on substrate 2 having a permittivity of and a thickness of . An air layer having a thickness of separates two radiating patches. The microstrip feed lines are put on the back of substrate 3 having a permittivity of and a thickness of , while one ground plane is inserted between substrates 2 and 3. The lower radiating patch is excited by an H-shaped aperture, which is defined by parameters and . The offset of the aperture from the patch center along the polarization direction is denoted by , and the offset of aperture from the patch center along the direction orthogonal to the polarization line is denoted by . As the H-shaped aperture has more design freedoms than the rectangular aperture commonly used, it is more flexible for antenna performance optimization. Two methods are used to reduce the backward radiation levels: One is that the resonance of the aperture is chosen to be as far away from the operating band of the antenna as possible [11] , [12] , so the wide-band characteristics are produced by the double resonance of stacked patches. The second method is the use of the H-shaped aperture, which can lead to improved coupling levels and thus low backward radiation levels [14] , [15] .
B. The Method of Numerical Analysis
We use the FDTD algorithm in the numerical analysis because it is simple to understand and can be used to analyze antennas of complex structures. As the detailed theory on FDTD method is available in [16] and [17] , only a brief outline will be presented here. The first step in designing an antenna with an FDTD code is to grid up the object. A number of parameters must be considered in order for the code to work successfully. The grid size must be small enough so that the fields are sampled sufficiently to ensure accuracy. Once the grid size is chosen, the time step is determined such that numerical instabilities are avoided, according to the courant stability condition.
A Gaussian pulse voltage with unit amplitude, given by (1) where denotes the period and identifies the center time, is excited in the probe feed. For the feed probe, we use a series resistor with the voltage generator to model the current in the feed probe [18] - [22] . To truncate the infinite space, a combination of the Liao's third-order absorbing boundary conditions and the superabsorbing technique is applied, as in [18] - [24] . The distance between the absorbing boundary and the edge of the microstrip patch is ten grids in directions respectively. The -directed distance between the absorbing boundary and the upper surface of antenna is 12
. The ground plane is assumed to be infinite in size, and its tangential electric field values are forced to be zero. After the final time-domain results are obtained, the current and voltage are transformed to those in the Fourier domain. The input impedance of the antenna is then obtained from (2) The results of input impedance are then used to obtain the return loss characteristics of the antenna. To get the radiation pattern characteristics, a sinusoidal excitation at probe feed is used, which is given by (3) where denotes the resonant frequency of interest. The field distributions are recorded at one instant of time after the steady state has been reached. In our analysis, the total time for stability is more than six cycles. After the field distribution has been obtained, the radiation pattern can be readily calculated by using the near-field to far-field transformation [17] .
III. PARAMETER STUDY OF THE ANTENNA WITH A SINGLE PORT
For practical antenna designs, it would be helpful if we could understand the resonant characteristics of the antenna with the variation of each design parameter. Based on the FDTD algorithm described above, a software program in Fortran 77 language was developed by us. A parameter study of the input impedance of the antenna is then performed. During the parameter study, only one of these parameters is changed, while other parameters are fixed. Fig. 2 shows the input impedance of the antenna as a function of . Results of the normalized input reactance are also shown in the figure. Two resonances are clearly observed, due to the use of stacked patches. For brevity, the resonant frequencies and normalized (to 50 ). Resonant resistances are denoted by and for the lower resonance and and for the upper resonance, respectively. When there is a decrease of 9.5% in and are increased by 2.5% and 3.5%, respectively. During this process, is increased by 88.5% and is decreased by 58.8%. This means that the decrease of will strengthen the lower resonance while reducing the upper resonance. These results are useful because in wide-band antenna designs, we usually have to tune the values of and by changing various antenna parameters. The effects of are presented in Fig. 3 . We observe that a decrease of 12.1% in increases and by 5% and 4.9%, respectively. At the same time, is decreased by 35.3% and is increased by 181.8%. This implies that the decrease of will reduce the lower resonance while strengthening the upper resonance, opposite to the effects of decreasing . by 4% and a decrease in by 66.7%. During this process, the second resonance shows an increase in by 6.9% and an increase in by 81.8%, respectively. This behavior suggests that the increase in offset position of the aperture will strengthen the upper resonance and reduce the lower resonance. Results of the input impedance as a function of the aperture position shift are shown in Fig. 5 . When is increased from 0 to 10 mm, and are decreased by 0.81% and 0.69%, respectively, while and are increased by 31.9% and 15.6%, respectively. This means that the increase in the aperture position shift will strengthen both upper and lower resonances. The influence of the air layer thickness is presented in Fig. 6 . Significant variations of the antenna resonance are observed. When is increased from 4 to 8 mm, shows a very slight decrease by 0.4%, and is decreased significantly by 46.7%. and are decreased by 9.9% and 0.7%, respectively. However, when is further increased to 12 mm, only one resonance ap- pears at 2.78 GHz, with a resonance resistance of 2.14. This means that the double resonance will disappear when the distance between two patches is too large. Fig. 7 shows the effects of on the input impedance. When is increased from 1 to 9 mm, and decrease by 9.2% and 7.8%, respectively. During this process, and increase by 12.9 times and 2.2%, respectively. These results mean that the increase in will strengthen both the lower and upper resonances, but the effects on the former will be much more significant. The effects of and are also studied and are similar to those of . They are thus omitted here for brevity. After these results are presented, the effects of each parameter on the antenna characteristics can be understood. The set of data presented in this section should be useful for the design and optimization of wide-band microstrip antennas.
IV. DESIGN AND RESULTS
A. Return Loss
To test the theoretical analysis, an antenna is designed and fabricated. The antenna parameters are mm, mm, mm, mm, mm, mm. The aperture parameters are mm, mm, mm, mm, mm, and mm. Better mechanical characteristics of the antenna would result if foam substrate could be used here. However, due to the unavailability of foam substrate in our laboratory, air spacers are used in the fabricated antenna to form the air layer. The fabricated antenna is measured by using an HP 8510 C network analyzer. The measured and theoretical results of return loss are shown in Fig. 8 . The measured return loss achieves a bandwidth of 21.7% from 2.34 to 2.91 GHz (for dB). A reasonable agreement between theoretical results and measured results is observed. The wide-band characteristics of this microstrip antenna are very useful for many practical applications.
B. Radiation Patterns
The measured and calculated -plane and -plane radiation patterns are presented in Fig. 9(a) and (b) , respectively. The cross-polarization components are also illustrated. These patterns are measured at 2.5 GHz. The cross-polarization levels are 25 and 34 dB down from the copolarization component on boresight in the -and -plane, respectively. The calculated cross-polarization levels are much lower than the measured results. This may be due to the effects of edge diffraction around the finite ground plane. The backward radiation patterns are also measured, and are shown to be less than 23 dB in this case. In general, the calculated copolarization pattern agrees with the measured results in the main beam. The antenna patterns are also measured at 2.34 and 2.9 GHz, and the results are presented in Figs. 10 and 11 , respectively. In all the patterns observed, the cross-polarization level is less than 23 dB in the half-space and the backward radiation levels are less than 22 dB.
V. CONCLUSION
A novel aperture-coupled microstrip patch antenna is studied in this paper, which can achieve a wide bandwidth, Fig. 9 . E-and H-plane radiation patterns at 2.5 GHz. Measured copolarization: solid; calculated copolarization: dashed; measured cross-polarization: dotted. low cross-polarization levels, and low backward radiation levels. The theoretical analysis is based on the three-dimensional FDTD method. To achieve a wide bandwidth, stacked patches with an air layer in between are used. The nonresonant H-shaped aperture is used to provide more design freedoms (compared with the rectangular aperture) and reduce the backward radiation levels. To understand the effects of various parameters on the antenna characteristics, a parametric study on the input impedance of the antenna is presented. Based on the results, one antenna is then designed, fabricated, and measured. The measured return loss exhibits an impedance bandwidth of 21.7%. The cross-polarization levels in bothand -planes are better than 23 dB. The front-to-back ratio of the antenna radiation pattern is better than 22 dB.
Both theoretical and experimental results of parameters and radiation patterns are presented and discussed. Good agreement between theory and experiment confirm the theoretical calculation program. This wide-band antenna can be easily expanded into a large-scale array. Due to the use of the aperture-coupled structure, the antenna is suitable for active integration with other microwave circuits, promising low-cost integrated RF fronts in various mobile communications systems.
